General philosophy
The proposals for corbel design presented here, were developed so as to be compatible with the safety provisions and the design provisions for flexure and shear transfer contained in the ACI Building Code (ACI 318-71).3 They are proposed for corbels with shear-span-to-depth ratios of unity or less, subject to combinations of vertical and horizontal loads in which the horizontal load is equal to or less than the vertical load.
It was considered desirable that the design proposals be based on a simple mechanical model of behavior for the corbel, which designers could readily visualize and use.
It is therefore proposed that the design of corbels to resist a combination of vertical and horizontal loads be based upon satisfaction of the laws of statics, when the corbel is considered as a "free body" cut from the column at the corbel-column interfa^e, as shown in Figs. la and lb.
Design applied load
Reactive forces and moment Simple design proposals for normal weight and lightweight reinforced concrete corbels are presented, based on previously reported experimental studies. A "Model Code Clause" embodying the design proposals is detailed, together with a step-by-step procedure for practical application. Design examples are included for both normal weight and lightweight concrete corbels using both the ACI 318-71 shear-friction provisions and the modified shear-friction theory. An Appendix section contains charts to facilitate proportioning of the corbel reinforcement. Also included is a programable calculator program for designing reinforced concrete corbels. Use of the design proposals can lead to savings in reinforcement, particularly if the modified shear-friction theory is used for shear design. This approach has been demonstrated' to be valid, subject to the provision of sufficient horizontal stirrups in the corbel, to prevent a premature diagonal tension failure of the corbel.
The design of a corbel now reduces to the calculation of the required amounts of reinforcement so that the interface plane can carry the reactive forces and moments Vu, N,,, and M,, shown in Fig. 1b , and the calculation of the necessary amount of horizontal stirrup reinforcement to prevent a premature diagonal tension failure of the corbel.
For static equilibrium of the corbel, the reactive forces V. and N,, must be equal to the design vertical and horizontal loads, V,, and N,,, respectively. In addition, the reactive moment MU must be equal to [ 
V,,a + N,,(h-d)] .

Conclusions from previous investigation
The experimental study already reported1 '2 has demonstrated the following:° The provisions of Section 11.15 of ACI 318-71 relate to normal weight concrete only. Based on previously reported studies,',' it is proposed that for corbels made of lightweight concrete, the values of given in Section 11.15 be multiplied by 0.75 for all-lightweight concrete weighing at least 92 lb per cu ft and 0.85 for sanded lightweight concrete weighing at least 105 lb per cu ft and in addition that v,, shall not be taken to be greater than (0.2 -0.07a/d)f,, nor (800 -780a/d) psi for all-lightweight concrete, and
for sanded lightweight concrete.
1. The flexural capacity of the interface may be calculated using the provisions of Section 10.2 of ACI 318-71.
2. The direct force N. may be resisted by providing additional reinforcement having a yield strength equal to N,,.
3. The shear capacity of the interface may be calculated using the shear-friction provisions of Section 11.15 of ACI 318-71, 0 or using the "modified shear-friction" equations previously proposed.1'2,4 4. A premature diagonal tension failure of the corbel will not occur if closed stirrups or ties parallel to the main tension reinforcement are provided, having a total yield strength equal to one-half the yield strength of the reinforcement required to resist the moment M,, or one-third the yield strength of the reinforcement required to resist the shear V,,, whichever is the greater. This reinforcement is to be uniformly distributed within the two-thirds of the effective depth of the interface adjacent to the main reinforcement.
If the yield point of the stirrups is equal to that of the main tension reinforcement, the required total cross-directional area of the horizontal stirrups Ah is simply given by A, = 0.50(A. , -At) where
A, = total area of main tension reinforcement At = area of reinforcement provided to resist N,,
PROPOSED MODEL CODE CLAUSE
Based on the design philosophy discussed above, the following is proposed as a replacement for the existing Section 11.14 of ACI 318-71. Design for shear is based on the existing shear-friction provisions of Section 11.15, modified as necessary for the case of lightweight concrete. 11.14-Special provisions for brackets and corbels 11.14.1-These provisions apply to brackets and corbels having a shear-span-to-depth ratio, a/d of unity or less, which are subjected to a design horizontal tensile force Nu less than or equal to the design shear force Vu. The distance d shall be measured at a section adjacent to the face of the support.
1.1.14.2-The section adjacent to the face of the support shall be designed to resist simultaneously, a design shear V, a design moment [Vz1, a + N, , , and a design horizontal tensile force N.u.
11.14.2.1-The reinforcement A f required to resist the design shear shall be calculated using the design provisions of Section 11.15.'* 11.14.2.2-The reinforcement Af required to resist the design moment shall be calculated using the design provisions of Section 10.2.
11.14.2.3-The reinforcement At required to resist the design tensile force Nu shall be taken as N/(bf^). The design tensile force N, shall not be taken as less than 0.2V,, unless special provisions are made to avoid tension forces due to restrained shrinkage and creep, so that the member is subject to shear and moment only. The tensile force N, shall be regarded as a live load even when it results from creep, shrinkage, or temperature change.
11.14.2.4-The area of main tension reinforcement A3 shall be made equal to (Af + At) or (2A,, f/3 + At), whichever is the greater.
11.14.2.5-The main tension reinforcement shall be anchored as close to the outer face of the corbel as cover requirements permit, by welding a bar of equal diameter across the ends of the main reinforcing bars, or by some other means of positive anchorage.
11.14.3-Closed stirrups or ties parallel to the main tension reinforcement, having a total cross-sectional area Ah not less than 0.50(A,S -At) shall be uniformly distributed within two-thirds of the effective depthadjacent to the main tension reinforcement.
11.14.4-The ratio p = A8/(bd) shall be not less than 0.04(f'/f^).
11.14.5-The depth of the corbel or bracket at the outside edge of the bearing area shall be not less than one-half the effective depth of the corbel or bracket at the section adjacent to the face of the support. 8. Calculate the total cross-sectional area of horizontal stirrup reinforcement A TE, making A,, equal to 0.50 (A, -A t). Distribute this reinforcement in the two-thirds of the effective depth adjacent to the main tension reinforcement.
9. Recheck the dimensions of the corbel and in particular compute the depth of the outer face of the corbel in accordance with Section 11.14.5 of Model Code Clause. but not more than 0.3fd. and (7) may be transposed as follows, where V,, is in lb and f, is in 2. For all-lightmweight c o n c r e t e psi, having a unit weight of not less than 92 lb per cu ft:
1. For normal weight concrete:
2. For all-lightweight concrete: 
For sanded l i g h t w e i g h t con-
Advantages of Proposed Design Method
An important advantage of the design method proposed is its simplicity of concept and the avoidance of complicated empirical equations. This enables the engineer to develop a feel for the way the corbel resists forces and hence for the reasonableness of his designs. Use of the design proposals can lead to savings in reinforcement, particularly if the modified shearfriction theory is used for shear design.
Also, higher design shear stresses can be used than currently allowed by ACI 318-71, if the modified shear-friction theory is used for shear design. Although not always desirable, this can be convenient in certain circumstances.
DESIGN EXAMPLES
In this section two fully-worked design examples are presented applying the preceding design proposals: (1) using a normal weight concrete corbel and (2) a lightweight concrete corbel.
The problem in Example 1 is approached employing two methods. In the first method the corbel is assumed to be moderately reinforced and in the second the corbel is designed to have a specified overall depth.
In both Examples 1 and 2 the problem is solved using the ACI 318-71 shear-friction provisions and the proposed modified shear-friction theory and in each case the reinforcing steel requirements compared.
Finally, the last part in this section contains some practical comments on the reinforcing steel details.
EXAMPLE 1 (Normal weight concrete)
Design a corbel (see Fig. 3 ) which is to project from the face of a 14 x 14-in. column and carry the following loads: This stress is satisfactory since it is less than the allowable stress:
0.5f = 0.5(5000) =2500 psi Following the recommendation of the PCI Design Handbook, 5 assume that the vertical load acts at the outer third point of the bearing plate. A 1-in. gap is assumed between the rear edge of the bearing plate and the column face.
Hence, the shear span is a=1+ 2/x(4)=3.67 in.
Moderately reinforced corbel
For a moderately reinforced corbel in which the reinforcement should be reasonably easy to place, assume that the nominal shear stress, v 1,, is about 600 psi. The depth of the corbel can then be found from:
V. Let" the total depth of the corbel, h, be 15 in. Then assuming that we have a 1-in, cover and are using #8 bars: The horizontal stirrup reinforcement is to be placed within the two-thirds of the effective depth adjacent to the main reinforcement, A.
Therefore, the maximum stirrup spacing equals %(%)(13.5) = 4.5 in.
Use a 4-in, stirrup spacing.
Minimum depth of corbel at outside edge of bearing plate: 0.5(13.5) = 6.75 in. Make depth of outer face of corbel 8 in.
(b) Alternate design using modified shear-friction equation
The area of shear transfer reinforcement is found from: at 4-in. centers.
Corbel with specified depth
Design a corbel to have a specified shallow overall depthof 8 in. 
Reinforcing Steel Details
In all corbels, the main reinforcement A5 must be anchored as close to the outer corner of the corbel as cover requirements will permit, by welding a reinforcing bar of equal diameter across the ends of the main reinforcing bars, as indicated in Fig. 3 or by the use of some otherform of positive anchorage.
The welds must be sized so as to be able to transfer to the transverse reinforcing bar, a force equal to the yield strength of the main reinforcing bar.
The main reinforcement must also be anchored within the column, by being extended a distance beyond the corbel-column interface at least equal to the development length for the size of reinforcing bar used.
The minimum radius that reinforcing bars may be bent, must be taken into account when detailing corbel reinforcement.
The bearing plate within the corbel should either be welded to the main reinforcement or be anchored adequately within the body of the corbel, so as to be able to transfer the horizontal force N1, to the main reinforcement.
DESIGN AIDS
Two design aids are provided.
Figs. Al through A5 of Appendix A are design charts to facilitate the sizing of the main tension and stirrup reinforcement of normal weight concrete corbels, when modified shear-friction is used for shear design.
Appendix B contains programs for the Hewlett Packard HP-65 programable pocket calculator, which calculate corbel reinforcement using either the ACI 318-71 shear-friction provisions or modified shear-friction for shear design. 
Use of Design Charts for Normal Weight Concrete Corbels
Use of HP-65 Calculator Programs
Appendix B contains programs (see Tables B2, B3 , and B4) for computing corbel reinforcement using the Hewlett Packard HP-65 programable calculator.
Program Cards 1 and 2 are used if the ACI 318-71 shear-friction provisions are to be used for shear design.
Program Cards 1 and 3 are used if modified shear-friction is to be used for shear design.
Operating instructions for both programs are shown in Table B1 . The programs are applicable to normal weight, all-lightweight, and sanded lightweight concrete corbels.
The programs calculate the following quantities:
Af, (2/3)A"1, At, Ag, and Ab
The following checks are incorporated in the programs:
1. That Af/bd is not greater than 0.75 pb. The user must independently check that the shear stress v u, corresponding to the chosen corbel dimensions, is less than the maximum allowed for the type of concrete and for the method of shear design being used. The horizontal parts of the curves relating a/d and pf., correspond to the value of pf, being controlled by design for shear. The upward curving parts of these curves correspond to the value of pf" being controlled by design for moment.
That
APPENDIX A-REINFORCED CONCRETE CORBEL DESIGN CHARTS
The chain lines cutting across the curves relating a/d and pf,,, indicate the maximum values of pf f that can be used for the indicated combinations of reinforcement yield point and concrete compressive strength. These lines correspond to Af/(bd) being equal to 0.75 A value of 0.10 was used for the ratio (h-d)/d, when calculating the ordinates of the design curves. The value of this ratio is significant only when the value of pf, is controlled by design for moment, and N U/Vu is relatively large. The exact value of (h-d)/d will vary between about 0.05 and 0.15, tending to be smaller than 0.1 for corbels larger than 15 in. deep and larger than 0.1 for corbels smaller than 15 in. deep.
The result is that when moment controls and Nzfi/V,, is large, the curves will yield slightly conservative values of pf , for large corbels and slightly unconservative values of pf,, for small corbels.
• 
APPENDIX B-HP-65 CALCULATOR PROGRAMS FOR REINFORCED CONCRETE CORBEL DESIGN
The depth of the flexural compression stress block, and hence the internal lever arm factor / corresponding to Af is then calculated. This value of is compared to the assumed value used to calculate Af and if it is within 0.005, the calculated value of Af is taken as correct. If not, the calculated value of j is used to recalculate Af and the process is repeated automatically as many times as may be necessary to achieve the specified precision.
2. The value of Af(max) = 0.75 pbbd is calculated using: 6. A, V(min) is calculated using: A8(min) = 0.04 bdf' /fy The values of A A8(min) are compared and the larger quantity is displayed as As.
7. Ah, is calculatedusing: sion fiber to centroid of tension reinforcement, measured at column-corbel interface, in. fb = bearing stress, psi f^ = specified compressive strength of concrete (measured on 6 x 12-in. cylinders, psi) f^ = specified yield strength of reinforcement, ksi h = total depth of corbel, measured at corbel-column interface, in. K = coefficient in modified shear-friction design equation 
